Aims. We present a new approach to study the mass-metallicity relation and its dependency on time. Methods. We used the star formation history (SFH) derived from color-magnitude diagram fitting techniques of a sample of Local Group (LG) dwarfs to obtain stellar masses, metallicities, and star-formation rates (SFR) to analyze the mass-metallicity relation as a function of the ages of their stellar populations. The accurate SFHs allow a time resolution of about 2 Gyr at the oldest ages for a total redshift range of 0 z 3. Results. The mass-metallicity relation retrieved for the sample of LG dwarfs was compared with a large dataset of literature data obtained in a wide redshift range. Neither of the two independent datasets shows a clear evolution of the mass-metallicity relation slope with redshift. However, when the star-formation rate is added as an additional parameter in the relation, it shows a dependence on the redshift in the sense that the coefficient of the mass decreases with increasing redshift, while the coefficient for the SFR is almost constant with time. This result suggests an increasing contribution with time of the galaxy stellar mass to the metalliticy of the stars that formed most recently, but it also shows that the SFR can play a fundamental role in shaping the mass-metallicity relation.
INTRODUCTION
Galaxies show a tight luminosity-metallicity relation in which those with higher luminosities also have higher metallicities. This relation has been attributed to a more generalized relation, the mass-metallicity relation (Skillman et al. 1989; Tremonti et al. 2004; Kirby et al. 2013) . The mass-metallicity relation, Z(M * ), has been observed in the nearest galaxies, most of them located in the Local Group, using gas-phase metallicities (Skillman et al. 1989; van Zee et al. 1997 ; Lee et al. 2006 ), but also using spectroscopic metallicities of individual stars (Kirby et al. 2013) . Gas-phase metallicites are usually obtained from HII regions or planetary nebula, while red giant branch stars (RGB) are used to obtain spectroscopic metallicities of individual stars. For a significant number of samples, the mean metallicities obtained from HII regions are an estimate of the current mean metallicity of a galaxy (i.e., a spatial average), while the RGB metallicities represent the averaged metallicity that is locked up in stars older than 2 Gyr (i.e., a time average). Despite this significant difference, the slopes of the Z(M * ) relation based on the two different metallicity estimates are in fine agreement (Kirby et al. 2013) .
The study of the zero-point and slope of Z(M * ) and its dependency on time may shed light on how galaxies form, on the galaxy assembling history, the rate of collecting fresh gas, or the dominant chemical evolution model in each phase (Savaglio et al. 2005; Maiolino et al. 2008; Møller et al. 2013) . Great effort has been made to study this dependency by increasing the number and redshift range of galaxies. Starting with the early works by Richer & McCall (1995) , van Zee et al. (1997) , and Skillman et al. (1989) , the study of Z(M * ) has been carried out in different surveys in the last years: Kobulnicky et al. (2003, DGSS) ; Kobulnicky & Kewley (2004, GOODS-N) ; Tremonti et al. (2004) ; Mannucci et al. (2010) ; Zahid et al. (2012, SDSS) ; Savaglio et al. (2005, GDDS) ; Maiolino et al. (2008, AMAZE-I) , and Foster et al. (2012, GAMA) are some examples.
In all these works, oxygen abundances show a direct correlation with both the absolute magnitude of the galaxies in B band, M B , and the galaxy stellar masses, M * , although the correlation flattens at M * > ∼ 10 10.5 M (Tremonti et al. 2004; Lee et al. 2006; Kewley & Ellison 2008; Mannucci et al. 2010; Yates et al. 2012) . Using the results provided by this type of surveys, Carollo & Lilly (2001) ; Cresci et al. (2012) ; Lamareille et al. (2006) reported no significant evolution of Z(M * ) with redshift. Mannucci et al. (2010) and Cresci et al. (2010) reported no evolution of Z(M * ) during 80% and 50% of cosmic history, respectively. Modest evolutionary effects have been found by Lilly et al. (2003) ; Kobulnicky & Kewley (2004) in the zero-point, or in the shape by Foster et al. (2012) . On the other hand, several papers have found a clear evolution of the zero-point (Savaglio et al. 2005; Maiolino et al. 2008; Møller et al. 2013) and in the slope of the mass-metallicity relation (Maiolino et al. 2008; Calura et al. 2009; Lara-López et al. 2010) .
The discrepancy among these results may have different sources: uncertainties associated with the derivation of metallicities, magnitudes, and masses of galaxies at high redshift (z > ∼ 2.5), poor statistics (only galaxies with z < ∼ 0.5 have been well sampled), or even a selection effect of the galaxies with redshift (e.g., higher star formation or different morphological Article number, page 1 of 7 arXiv:1707.01840v1 [astro-ph.GA] 6 Jul 2017 A&A proofs: manuscript no. hidalgo_arxiv types) ). Finally, Kewley & Ellison (2008) have pointed out that the largest source of uncertainty is related to the dependency of the shape of Z(M * ) on the metallicity callibrators and redshift. Kewley & Ellison (2008) provided compelling evidence about a difference up to ∆[log(O/H)] = 0.7 dex in the absolute metallicity scale with a substantial change in the shape of Z(M * ). Kewley & Ellison (2008) showed that by selecting the correct metallicity conversions, the difference in the absolute metallicity scale can be reduced to ∼ 0.03 dex. The transformation of the metallicity estimates to a homogeneous scale is then mandatory before performing any analysis of Z(M * ) as a function of redshift.
In addition to all these considerations, a new approach to understand the nature of Z(M * ) has been proposed in the last years: the observed Z(M * ) could be due to a more general relation involving other parameters such as the star formation rate (SFR) (Yates et al. 2012; Mannucci et al. 2010; Cresci et al. 2012) or the HI content of the galaxies (Bothwell et al. 2013; Lara-López et al. 2013) . Ellison et al. (2008) , Peeples, Pogge, & Stanek (2008) , Mannucci et al. (2010) , and Yates et al. (2012) found that low-mass galaxies with higher SFR have lower metallicities. Bothwell et al. (2013) found that HI-rich galaxies are more metal poor at a given stellar mass, pointing to a strong secondary dependency of the Z(M * ) on HI mass. On the other hand, LaraLópez et al. (2013) found a correlation between Z(M * ), the SFR, and the gas content of the galaxies: the low-mass galaxies with a large amount of gas have low metallicities, while those with small amounts of gas show high metallicities.
We propose here a new approach in the study of Z(M * ) and its dependency on time. We use the star formation history (SFH) obtained from CMD-fitting techniques to obtain ages, metallicities, and the stellar mass of a sample of galaxies, which is compared with gas-phase metallicities from the literature. For the present work, we adopt the very detailed and accurate SFHs obtained for a sample of isolated Local Group dwarfs in the framework of the local cosmology of isolated dwarfs (hereafter, LCID dwarfs) Leo-A, Phoenix, Cetus, Tucana, LGS-3, and IC1613 (Cole et al. 2007; Hidalgo et al. 2009; Monelli et al. 2010b,a; Hidalgo et al. 2011; Skillman et al. 2014 ). These galaxies show evidence for a dependency of the metallicity on the cumulative mass function (Hidalgo et al. 2013 ), pointing to a mass-metallicity relation. The use of the LCID dwarfs data allows us to investigate how the mass-metallicity relation changes with time in a long time interval. This information can be compared with suitable literature data, providing clues about the same relation at different redshifts. We wish to note that although the sample of LCID dwarfs is quite small when compared with the sample of galaxies studied in the surveys devoted to investigate the Z(M * ) relation, the fact that all LCID dwarfs are analyzed with a homogeneous methodological approach makes them a very suitable dataset to study the Z(M * ) relation and its possible time dependence.
The organization of this paper is as follows: the massmetallicity relation obtained using both gas-phase metallicities and spectroscopy from resolved stars is compared with the relation obtained from CMD-fitting techniques in Sect. 2. The massmetallicity relation from gas-phase metallicities and its dependency on time is analyzed in Sect. 3. A multivariate analysis of the mass-metalliticy relation is performed in Sect. 4. Finally, the results are discussed and summarized in Sect. 5.
For the conversion between redshift and the age of the stellar populations obtained from SFHs, we assume a flat Einstein-de Sitter universe with H 0 = 71.9 km s −1 Mpc −1 and Ω m = 0.258, as derived from Komatsu et al. (2009) . 
LOCAL MASS-METALLICTY RELATION
The SFH is a very convenient tool to study the evolution of galaxies since the onset of the star formation at the beginning of their evolution. We used the SFH data for LCID dwarfs in order to investigate the dependence on time of the massmetallicity relation. These results are based on accurate SFHs derived from deep color-magnitude diagrams (CMDs) reaching the oldest main-sequence turn-offs.
In short, the CMD-fitting technique compares the star distribution in an observed CMD with the distribution in a synthetic CMD that serves as a model. The synthetic CMD is built with no assumption about the SFR or the metallicity distribution. The synthetic CMD is divided into stellar populations (i.e., a number of stars within a small range of age and metallicity), and the distribution of these stellar populations in the synthetic CMD is compared with the distribution of stars in the observed CMD by sampling CMDs in boxes and counting stars in them. A merit function is used to select the combination of weights of each stellar population that best represents the observed CMD in terms of the number of stars in each box. The solution, the SFH, provides the rate at which stars are formed, ψ(t), and the metallicity of the most recently formed stars, Z(t), at each time snapshot, t, into which the stellar populations are divided.
The detailed method to obtain a SFH using a CMD can be found in and Hidalgo et al. (2011) . The results for the individual galaxies Leo-A, Phoenix, Cetus, Tucana, LGS-3, and IC1613 can be found in Cole et al. (2007) Our final goal is to compare Z(M * ) obtained from SFHs (i.e., mass and metallicities obtained from CMD fitting) with that obtained at higher redshift (i.e., metallicities from gas or integrated spectroscopy). However, to prevent any bias in obtaining the mass-metallicity relation from SFHs, it is fair to compare it first with Z(M * ) obtained from local galaxies using spectroscopic metallicities of individual stars. To do so, we defined M * (t) and Z(t) as the mass of the alive stars (that is, stars that at time t have not still evolved into SNe or white dwarf phases) and the metallicity as a function of time, that is, the metallicity of the most recently stars formed at time t. We also define [Fe/H] RGB S. L. Hidalgo: Mass-metallicity relation of dwarf galaxies and its dependency on time as the mean metallicity of RGB stars in each galaxy. M * (t) and Z(t) were obtained directly from the SFH for 14 fixed-time snapshots: t = 1 to 13 Gyr in steps of 1 Gyr and at t=13.5 Gyr. The selection of the snapshot times was made according to the mean age resolution for ψ(t) (see Hidalgo et al. 2011) . Z RGB was obtained as follows (we refer to Hidalgo et al. (2011) for a complete description of the method). After obtaining the SFH, a synthetic CMD was created using ψ(t) and Z(t). Then, [Fe/H] RGB was calculated by averaging the metallicity of the synthetic RGB stars down to a magnitude M F814W = −2 mag.
Assuming that the stars are formed with the same metallicity of the sourroundig gas, we used Z(t) to compare the results with gas-phase metallicities from the literature. On the other hand, [Fe/H] RGB was used to compare with spectroscopic metallicities from RGB stars from the literature.
From an observational point of view, the two metallicities may differ. RGB metallicities are obtained form resolved red giant stars in the upper region of the RGB and represent averaged values of the metallicities that are locked up in the stars older than ∼ 2 Gyr, while gas-phase metallicities are obtained from HII regions, which represent the metallicity of the most recently formed stars. To ilustrate this, Fig. 1 shows the difference between the two metallicities as a function of time for the entire LCID sample. Overall, the difference between Z(t) and [Fe/H] RGB increases with time, being similar at ∼ 2 Gyr, as expected. We note that the evolution of Z(t) − [Fe/H] RGB with time depends on how the galaxies evolve. Galaxies with a fast metallicity evolution reach a larger difference in Z(t) − [Fe/H] RGB in a shorter time (e.g., Cetus and Tucana) than other galaxies with a slower evolution (e.g., Leo-A). Negative values of Z(t) − [Fe/H] RGB would show stars that have been formed from fresh pre-enriched gas instead of the enriched gas present in the galaxy.
To compare the local mass-metallicity relation, Z(M * ), with the relation obtained here from LCID dwarfs, we selected two papers with a large sample of local galaxies: Kirby et al. (2013) , who used spectroscopic metallicities obtained from individual RGB stars, and Berg et al. (2012) , who used gas-phase metallicities. In order to minimize the scatter in the fit of the slope and intersect of the mass-metallicity relation for different works, we always used an ordinary least-squares bisector fit when the original data were available. In other cases, we used the values of the fit given by the authors. Kirby et al. (2013) . The LCID dwarfs fall within the Z(M * ) obtained by Kirby et al. (2013) . The slope of Z(M * ) computed using the LCID dwarfs is α = 0.30 ± 0.06, which is in full agreement with the slope computed by Kirby et al. (2013) , α = 0.30 ± 0.02. Two of the galaxies that are in both samples, IC1613 and Leo-A, show metallicities that are in agreement within the uncertainties (with differences of 0.23 dex and 0.35 dex, respectively). The Z(M * ) obtained from Berg et al. (2012) using gasphase metallicities is also shown in Fig. 2 (lower panel) together with the Z(t = 0) obtained from LCID dwarfs, which falls within Z(M * ). In this case, we removed Cetus and Tucana from the sample and only used the galaxies that show a non-negligible amount of gas and recent star formation. The mass-metallicity relation based on the LCID dwarf subsample is equal to α = 0.20 ± 0.02 for this case, slightly smaller, although still in fair agreement with the relation obtained by Berg et al. (2012) (0.29 ± 0.03).
We also compared the luminosity-metallicity relation from the LCID dwarfs with the samples of Kirby et al. (2013) and Berg et al. (2012) , who also reported M v and M b magnitudes, respectively. Figure 3 shows the luminosity-metallicity relation for both samples. The LCID dwarf samples also agree well in this case. This allows us to compare the luminosity-metallicity relation from the literature with the relation obtained here for the LCID dwarfs.
The agreement between metallicities obtained using SFHs with the metallicity obtained using spectroscopic metallicities of individual stars and gas-phase metallicities shows that we can use the results from LCID dwarfs to analyze the massmetallicity relation. However, to analyze the dependency of the mass-metallicity relation on others parameters, metallicities obtained from gas are preferred since they reflect the physical events in the galaxies at the specific time period we consider, such as the SFR. We have shown that Z(t = 0) obtained from LCID dwarfs agrees well with the gas-phase metallicities shown in the literature, therefore we use Z(t) in the next sections.
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MASS-METALLICTY RELATION AS A FUNCTION OF TIME
To analyze the dependency of Z(M * ) on redshift, we selected from the literature a large dataset providing reliable estimates of redshift, metallicities, magnitudes, and/or stellar masses. Only available data and well-established values were used. When necessary, all metallicities were transformed into the scale of Kewley & Dopita (2002, KD02, hereafter) , as suggested by Kewley & Ellison (2008) .
A least-squared bisector fit was performed to the available data to ensure the same type of fit for all publications. The fit of the slope of Z(M * ), α, was constrained to the range of stellar masses where Z(M * ) is linear, avoiding the turn-over around log(M * /M ) = 10.5 where Z(M * ) flattens (Yates et al. 2012 ). The same analysis was performed for the luminosity-metallitiy relation using published values of the absolute magnitude M B and metallicities. Table 1 shows a summary of the selected publications. It gives the reference used (Col. 1), the name of the survey (or telescope) used in the publication (Col. 2), the number of galaxies used here for the fit (Col. 3), the mean redshift (Col. 4), the intercept and the slope (α) of the fit calculated by transforming the metallicity into the KD02 calibration (Cols. 5 and 6), and the range of the stellar masses or magnitudes used in the fit (Col. 7).
To compare our results with the values shown in Table 1 , we obtained the slope and intercept of the mass-metallicity and luminosity-metallicity from the SFHs of LCID dwarfs. To increase the statistics for the fit, we used time bins of 2 Gyr, which provide around 12 points per bin. Figure 4 shows the intercept (top panel) and α for the luminosity and mass-metallicity relation (middle and bottom panel, respectively) as a function of time for the data obtained from the literature and for the LCID dwarfs.
To study the dependency on time of the variables shown in Fig. 4 , linear fits to the literature data and to the LCID dwarfs were obtained. The values of these fits are shown in Table 2 . Column 1 shows the data used for the fit (literature or LCID dwarfs data) for each one of the panels shown in Fig. 4 : intercept, luminosity-metallicity, and mass-metallicity relations. Column 2 shows the slope of the fit. Column 3 shows the Pearson correlation coefficient.
Both sets of fits show the same behavior: the slope becomes less steep, and the intercept increases with time. It is worthwhile noting that there is a larger dispersion of α obtained using stellar masses than the dispersion obtained using luminosities in the data from the literature, even after the converting the data into the same metallicity calibration. The luminosities are directly determined by observations, but stellar masses must be determined by assuming a mass-to-light ratio that in some cases may depend on the age of the dominant stellar population (Lee et al. 2006) . This may introduce a larger dispersion in the slope obtained using stellar masses compared to that obtained using luminosities. With these results, it is difficult to ensure a evolution of the massmetallicity relation with time.
MULTIVARIATE MASS-METALLICTY RELATION
There is tantalizing evidence of a dependency of Z(M * ) on a second parameter such as the SFR (Yates et al. 2012; Mannucci et al. 2010; Cresci et al. 2012) or the HI mass (Bothwell et al. 2013; Lara-López et al. 2013) , although this dependency might not be clear at high redshifts (Sanders et al. 2015) . If such a dependency exists, the dispersion of Z(M * ) as a function of time Article number, page 4 of 7 S. L. Hidalgo: Mass-metallicity relation of dwarf galaxies and its dependency on time shown in Fig. 4 could in part be due to an underlying dependency on additional parameters. The dependency of Z(M * ) on additional parameters has been called the fundamental massmetallicity relation by various authors. We performed a multivariate linear regression of the metallicity as a function of M * , ψ, and t, that is, Z(M * , ψ, t). The values for Z, M * , and ψ were estimated using the SFHs of LCID dwarfs at the same time snapshots as defined in Sect. 2. Here we show the results for an exponential dependency of the form Z = α e a t log(M * ) + β e b t log(ψ) + K
for different values of the exponents a and b. We also analyzed a polynomial dependency on time, showing similar results for a second-order polynomial. However, the exponential function allows us to also analyze the case for no dependency on time by setting a = 0 and b = 0. To obtain the coefficients α and β, we used a generalized least-squares model with a general covariance structure (Seabold & Perktold 2010) in combination with a Monte Carlo simulation to obtain the exponents a and b that give the best results. Table 3 shows the result of the fit for six models. Column 1 shows the model number and Cols. 2 and 3 show the exponents a and b, respectively. Columns 4 and 5 show the coefficients α and β, respectively. Column 6 shows the intercept. The Pearson correlation coefficient of the fit is shown in Col. 7. Models 1 to 3 show the case of no time dependency for log(ψ) or log(M * ) (a = 0, b = 0). Models 1 and 2 show only the dependency on either log(ψ) (β = 0) or log(M * ) (α = 0), respectively. Model 3 shows the dependency on both variables. Models 4 to 6 show a time dependency of the coefficients either for log(ψ) (Model 4), log(M * ) (Model 5), or both (Model 6).
There is a clear improvement in the fit when a dependecy on time is introduced, which significantly increases the variability explained by the model from ∼ 60% to ∼ 80%. In all the cases, the best fit for any model is obtained with β < 0, that is, for a fixed mass, galaxies with larger ψ have lower metallicities. This effect has been observed by Yates et al. (2012) and Cresci et al. (2012) , for example, for low-mass galaxies.
To illustrate the contribution of ψ to the metallicity for a fixed stellar mass, we represented the metallicity as a funcion of the SFR normalized to the stellar mass, that is, the specific SFR (sSFR), in Fig. 5 . For a selection of four stellar mass ranges of the LCID sample, it shows that galaxies with higher sSFR have lower metallicites.
Figures 6 and 7 show the projection of Eq. 1 for all the models analyzed in Table 3 . The improvement of the fit is clearly shown when a dependecy on time is included; models 5 and 6 show the best results. Three galaxies are highlighted, Leo-A, IC1613, and Phoenix. Despite their completely different ψ(t), the fit is good in the three cases.
DISCUSSION AND CONCLUSIONS
The dependency of the mass-metallicity relation on additional terms has been discussed by Cresci et al. (2012) , Mannucci et al. (2010) , and Yates et al. (2012) , among others. These authors indicated a more general relation involving the SFR, that is, the so-called fundamental mass-metallicity relation. The relationship between Z, M * , and ψ obtained by these authors is very A&A proofs: manuscript no. hidalgo_arxiv Fig. 6 . Projection of Z = α e a t ×log(M * )+β e b t ×log(ψ) for models 1 to 3 shown in Table 3 . Dashed lines show the uncertainties of the fit in each case. Three galaxies are highlighted, showing three different evolutions of ψ with time: Leo-A, IC1613, and Phoenix (see text). similar to the relation obtained here: Z increases with M * , but decreases with ψ for a fixed mass.
On the other hand, Bothwell et al. (2013) and Lara-López et al. (2013) reported a dependency of the mass-metallicity relation also on the HI content of the galaxies in the sense that galaxies with a greater HI content have lower metallicities. LaraLópez et al. (2013) have noted that galaxies with a greater HI content are actively forming stars, which means that ψ must be higher in these galaxies than in others with a low HI content. Therefore the results shown in these papers also agree well with the result obtained here.
The discrepancy between these results shown in the aforementioned papers could be explained as due to the different metallicity indexes and calibrations (Foster et al. 2012) , the uncertainties associated to the estimation of the galaxy masses, or even the uncertainties in the estimation of the redshift. Transforming the original metallicity calibrators to a common calibration (see Table 1 ) does not significantly change the dispersion in α with time found in the literature. The multivariate analysis performed in Sect. 4 shows that introducing a dependency on ψ slightly increases the variability explained by the model (see Table 3 , models 2 and 3). The correlation coefficient increases significantly when a dependency of α on time is introduced (model 5). Little improvement is found when a dependency of β on time is added to model 5 (i.e., model 6). Mannucci et al. (2010) and Cresci et al. (2012) reported that the observed evolution of the mass-metallicity relation with redshift is due to a selection biases at high redshift as well as to the increase in average SFR. However, the results shown here in Fig. 4 indicate that the evolution of the mass-metallicity relation seems to be unrelated to a change in ψ with time, since three galaxies with different ψ evolution show the same Z(M * , ψ, t) relation. This suggests that it does not play an important role for the type of the galaxies in the LCID sample how they are built in the Z(M * , ψ, t) relation.
It is beyond the scope of this paper to discuss the origin of the mass-metallicity relation or the implications of its evolution with time. Chemical evolution models would be necessary to interpret the age-metallicity relation of the LCID dwarfs shown here. Moreover, the number of LCID dwarfs analyzed here is not enough to derive general conclusions involving more massive galaxies. However, the accurate SFHs of the LCID dwarfs allow us to minimize the internal dispersion in the stellar mass, SFR, and metallicity estimations as a function of time, offering a new method to analyze the dependency of the mass-metallicity relation with other parameters. The results show an increasing contribution with time of the stellar mass of the galaxy to the metallicity of the stars most recently formed. However, the contribution of the SFR to the metallicity is almost constant with time, but opposite to the galaxy stellar mass: for a fixed mass, the metallicity decreases with increasing SFRs. While certainly speculative, this may suggest that the interstellar medium from which the stars are formed is enriched increasingly with time, as the stars of the galaxy evolve, recycling their metals to the medium. However, the constant contribution of the SFR to the metallicity may suggest fresh low-metallicity infall gas, which is mixed with the enriched interstellar medium and triggers the star formation.
The main conclusions of this paper are summarized as follows.
-The luminosity-metallicity and mass-metallicity relation obtained from CMD-fitting techniques fully agree with the relation obtained from spectroscopy of resolved stars in the local environment. -We used stellar masses and gas-phase metallicities from the literature transformed into a common calibration to obtain the slope and the intercept of the mass-metallicity relation as a function of time. The result shows no evolution of the slope of the mass-metallicity relation with time. The same result has been obtained for LCID dwarfs. -A multivariate analysis of the metallicity as a function of the stellar mass, SFR, and time suggests that the dependency of the metallicity on the galaxy stellar mass increases with time, with a direct correlation. However, the contribution of the SFR to the metallicity is almost constant with time, but with a inverse correlation: for a fixed mass, galaxies with higher SFRs have lower metallicities. -The former results, although certainly speculative, may suggest that at the first evolutionary stages, the contribution to the metallicity enrichment in theses galaxies is driven mainly by the low-metallicity infall gas. This leads to a weak correlation between the metallicity of the galaxies and their stellar masses. Later on, as the galaxies evolve with time, the metallicity enrichment is driven mainly by the stellar mass of the system, leading to a stronger correlation of the massmetallicity relation.
